ADDITIONAL INDEX WORDS. Vaccinium, root system, plant nutrition SUMMARY. Growth and yield of 'Misty' and 'Star' southern highbush blueberry (Vaccinium corymbosum hybrid) plants that were grown in pine bark culture were evaluated under several rates of granular or liquid fertilizers. Granular fertilizer resulted in larger canopy volumes and slightly greater annual fruit yield than liquid fertilizer. In 2003 and 2004, canopy growth increased linearly as fertilizer rate increased up to the highest rate tested [81 g nitrogen (N), 11.8 g phosphorus (P), and 44.6 g potassium (K) per plant per year]. Similarly, a positive relationship was found for fruit yield and fertilizer rate during all 3 years. Berry yield was positively correlated with canopy size, and there was no relationship between fertilizer rate and berry yield per canopy volume, indicating that yield and canopy volume increased proportionally with increased fertilizer rate. Mean 'Star' berry weight was greater for granular fertilizer treatments than for liquid fertilizer treatments, but mean berry weight of 'Misty' was unaffected by fertilizer form. At the end of the experiment, visual examination of eight plants excavated by hand indicated that root systems of blueberry plants were primarily located in the pine bark layer with very few roots penetrating into the underlying soil. Limited water and nutrient holding capacities of pine bark, coupled with frequent irrigations to the shallow root systems in pine bark culture, probably resulted in considerable nutrient leaching and a high fertilizer requirement.
B
lueberry acreage has increased rapidly in the southeastern United States during the past 5 years (U.S. Department of Agriculture, 2007) . Production during the April to May market window has also increased, but prices remain strong and continued expansion of southern highbush blueberry acreage targeted for this early market is anticipated (Strik and Yarborough, 2005 ; U.S. Department of Agriculture, 2007; Williamson and Lyrene 2004a) . Pine bark culture is currently the most common method for growing southern highbush berry (SHB) in the southeastern United States (Williamson and Lyrene, 2004b) . Pine bark culture is often used where soils are not naturally suited for blueberries. In this system, pine bark beds %1.0 to 1.3 m (single row) to 2.6 m (double row) wide by 15 to 20 cm deep are used as the growing medium. The physical and chemical properties of pine bark are well suited for blueberry, and plants are usually vigorous and productive provided they receive adequate water and fertilizer (Clark and Moore, 1991; Heiberg and Lunde, 2006; Krewer and Ruter, 2006; Lyrene, 1990; Williamson et al., 2006) . Pine bark is porous and well aerated (Davidson and Mecklenburg, 1981) , and usually has a pH of between 4.0 and 5.0, which is ideal for blueberry (Krewer and Ruter, 2006) . Water holding capacities of pine bark vary with age and decomposition but may range from 13% to 21% (w/w) (Krewer and Ruter, 2006) . Pine bark also has high lignin content, and the carbon (C):N ratio is lower than for some other wood products such as saw dust (Krewer and Ruter, 2006) . However, nutrients are subject to leaching in pine bark due to moderate cation and low anion exchange capacities (Krewer and Ruter, 2006) , and in Florida, frequent irrigations are needed to prevent symptoms of water stress of mature blueberry plants grown on pine bark beds (J.G. Williamson, personal observation) . Limited nutrientretaining characteristics of pine bark, combined with frequent irrigation, may have a significant effect on nutrient availability and uptake and may influence grower-adopted fertilization practices. This is particularly true if a major portion of the root system is located in the pine bark layer rather than in the underlying soil. Currently, there are no research-based fertilizer recommendations for blueberries grown in pine bark culture. This study was conducted to determine the effects of three rates of dry and liquid fertilizer on growth and yield of two SHB cultivars grown in pine bark culture in Florida.
Materials and methods
This experiment was conducted on a commercial blueberry farm in southeastern Alachua County, FL. 'Misty' and 'Star' SHB plants were planted in double-row pine bark beds on top of Lochloosa fine sand using 3-ft in-row spacing with 5 ft between rows. Each plant was allotted %15 ft 2 of bed space. The beds were %8 inches deep and 10 ft wide. Pine bark screened to 1 inch or smaller was used. Pine bark was applied to the site several months before planting in Mar. 2000. The present study was initiated in Spring 2003. Before this study, the plants were fertilized at three rates that were based on young blueberry establishment in a soil production system. Plants exhibited low vigor during 2000 and 2001, suggesting in an attempt to approach or exceed the rate needed to maximize growth in this production system. Liquid fertilizer was applied at half the amount of the dry fertilizer so that equivalent amounts of N, P, and K were applied irrespective of fertilizer form.
All plants were irrigated with Spot-Spitters Ò (Roberts Irrigation Products, San Marcos, CA) microsprinkler emitters which covered %7.3 ft 2 of soil surface area and delivered 9.6 gal/h at 15 psi. Irrigated zones were centered on plants as much as possible. The irrigation system was fitted with a rain shut-off mechanism and provided %1 inch of water per week to the irrigated area during March and April (irrigations every other day) and %1.7 inches of water per week during June through September (daily irrigations) in the absence of rain. Where fertigation was used, fertilizer injections were near the end of the irrigation cycle. Plant canopy volumes were estimated by measuring canopy widths in two orientations (parallel and perpendicular to the row) and plant heights. Fruit were harvested when ripe at 2-to 3-d intervals beginning when %5% of all fruit were ripe and continuing until all fruit were harvested. Mean berry weight was determined from 10-fruit samples collected and weighed from each plot for four consecutive harvest dates corresponding with the middle of the harvest season for each cultivar.
A two (cultivar) · two (fertilizer form) · three (fertilizer rate) factorial arrangement of treatments was used in a randomized complete block design with single-plant plots and eight replications. All plots were separated by at least one guard plant. Guard plants were fertilized by hand with granular fertilizer at the medium fertilizer rate. Because 'Misty' and 'Star' responded similarly to fertilizer rate and form during 2003 and 2004 with respect to estimated canopy volume and total berry yield, and there were no significant interactions between fertilizer rate and form, only data for 'Star' fertilized with granular fertilizer was collected during 2005.
Summer topping and modest cane-renewal pruning were done during early summer after harvest and during winter, respectively. Canopy height and width were measured after harvest and before summer pruning each year. Plots were maintained weed-free. Hand removal and postemergence herbicides were used to control weeds. Recommended practices were used to control pests and diseases (Brannen et al., 2008) . At the conclusion of the study, eight 'Star' plants were carefully excavated by hand from the experimental site with their root systems intact for visual examination of the roots. Data were analyzed using the General Linear Models (GLM) procedure of SAS (version 9.1; SAS Institute, Cary, NC) for significant effects of fertilizer rates, and regression analysis was used to evaluate the curvatures of the regressions on fertilizer rates. Fertilizer types were compared using t tests, and correlations for berry yield with estimated canopy volume were determined using the SAS correlation procedure.
Results and discussion
There were no significant interactions among cultivar and fertilizer rate or form for estimated canopy volume or total berry yield. Therefore, the main effects are presented for these variables.
PLANT CANOPY VOLUME. Canopy volume was larger for 'Star' than for 'Misty' during 2004 but not during 2003 (Table 2) . 'Misty' has a relatively upright growth habit, while 'Star' tends to be more spreading (Lyrene and Ballington, 2006 (Table 3) . This difference was probably related to the greater canopy size achieved by the granular treatment. Fertilizer rate had a pronounced effect on total berry yield. A positive linear relationship between fertilizer rate and berry yield, similar to that observed for fertilizer rate and canopy volume, was observed during all 3 years. In fact, the positive response of berry yield to fertilizer rate was directly related to canopy size during 2004 and 2005. Strong correlations of estimated canopy volume with total berry yield were highly significant both years ( Figs. 1  and 2 ). Furthermore, there was no relationship between fertilizer rate and berry yield per canopy volume, indicating that yield and canopy volume increased proportionally with increased fertilizer rate (data not shown).
The percentage of early or lateripening fruit was unaffected by fertilizer rate or form (data not shown). However, mean berry weight of 'Star' was greater for granular fertilizer treatments than for liquid fertilizer treatments during 2003 and 2004 (Table 4) . As proposed for fertilizer form effects on canopy volume, it is possible that differences in fertilizer placement between the two fertilizer forms may have affected mean berry weight by affecting nutrient availability and uptake. This response may not have occurred in 'Misty' because the higher fruit load of 'Misty' would result in a much lower source:sink ratio compared with 'Star' and this may have limited fruit size in 'Misty' regardless of fertilizer availability. Leaf area indices were not determined during this study, however, 'Misty' is reported to set heavy crops and foliate w Data were analyzed using the General Linear Models (GLM) procedure of SAS (version 9.1; SAS Institute, Cary, NC) for significant effects of fertilizer rates, and regression analysis was used to evaluate the curvatures of the regressions on fertilizer rates (L = linear response to fertilizer rate at the specified level of significance). Fertilizer type was compared using t tests. w Data were analyzed using the General Linear Models (GLM) procedure of SAS (version 9.1; SAS Institute, Cary, NC) for significant effects of fertilizer rates, and regression analysis was used to evaluate the curvatures of the regressions on fertilizer rates (L = linear response to fertilizer rate at the specified level of significance). Fertilizer type was compared using t tests.
poorly in Florida (Williamson and Lyrene, 2004c) . Overall, fertilizer form had little effect on berry yield or canopy size. Consequently, the increased frequency of fertilizer application (every 2 weeks for liquid vs. every 4 weeks for granular) had little beneficial effect on plant growth or yield. Berry yields increased as fertilizer rates were increased up to the highest fertilizer rate tested during all 3 years. The increased berry yields can be attributed to larger canopy volumes of the plants receiving the higher rates of fertilizer because canopy size and fruit yield were positively correlated and no differences in berry yield were found among fertilizer treatments when yields were adjusted for canopy size.
Our results are similar to findings where SHB were grown in containers using pine bark as the growing medium (Wilber and Williamson, 2008) . In that study, a positive effect on berry yield and canopy growth for 'Star' (but not 'Misty') SHB was observed for rates as high as 30 g N per plant per year, which was similar to the medium rate (31 g N per plant) during 2003 of the present study. In that study, canopy size and fruit yield of the container-grown plants were similar to those reported here during 2003 for field-grown plants. However, fertilizer rates above 30 g N per plant were not tested by Wilber and Williamson (2008) . In the present study, the high fertilizer rate during 2004 and 2005 applied to larger plants carrying a commercial crop was equivalent to %365 kgÁha -1 N per year based on 4500 plants/ha. This is a significantly higher fertilizer rate than is suggested for traditional soil culture in the southeastern United States, which is generally in the 110 to 140 kgÁha -1 N per year range (Krewer and Nesmith, 2006; Williamson et al., 2006) .
Although root distribution was not quantified, excavation of eight 'Star' plants and examination of their root systems revealed that the vast majority of roots were located in the pine bark layer, with very few roots penetrating into the underlying soil (Figs. 3 and 4) . In many cases, the pine bark layer could be pulled back by hand, revealing the interface between the bark bed and the underlying soil with very few if any roots located in the soil profile (Fig. 3) .
Pine bark is an excellent medium for blueberry and is commonly used in containerized blueberry nurseries and containerized blueberry production systems (Whiddon, 2008) . However, blueberries grown in pine bark beds on top of the soil appear to be inefficient in terms of water and fertilizer use. Newly applied pine bark will adsorb ammonium N, making it unavailable for plant uptake. However, this equilibrium period requires only 20 d (Foster et al., 1983 ) to a few months (Krewer and Ruter, 2006) under conditions of adequate ammonium N application. Therefore, Correlations for berry yield with estimated canopy volume were determined using the correlation procedure of SAS (version 9.1; SAS Institute, Cary, NC); 1 m 3 = 35.3147 ft ammonium adsorption to the bark can be eliminated as the primary cause of the high fertilizer demands observed in this study. Milled pine bark similar to that used in this study is reported to have about 40% to 45% (by volume) internal pore space and about 40% intraparticle pore space and is %20% solid matter (Krewer and Ruter, 2006) . Water holding capacity of pine bark tends to increase as it ages but may range from 13% to 21% (by volume) (Krewer and Ruter, 2006) . A 4-inch bed of pine bark with a 15% water-holding capacity will retain about 0.6 inches of water at field capacity. Frequent irrigation or rainfall would be required under Florida conditions if the root system is restricted to the pine bark layer. Moderate cation and low anion exchange capacities of pine bark combined with frequent applications of water can result in fertilizer loss through leaching, particularly when roots are restricted to the pine bark layer, as was observed in the present study. Repeated observations during the course of the study revealed that the soil under the pine bark layer was wet during most of the growing season. This may have limited oxygen diffusion and therefore root growth into the soil under the pine bark layer.
An alternative system is to incorporate pine bark into well-drained soils before planting. A homogenous amended soil profile could be established to a greater depth and allow for the possibility of deeper rooting and more efficient irrigation and fertilization management. White and Strik (2005) reported that saw dust used as a soil amendment and mulch reduced plant growth compared with no soil amendment. However, saw dust typically has a higher C:N ratio than pine bark (1000:1 vs. 300:1) and a greater potential to render N temporarily unavailable for plant uptake (Krewer and Ruter, 2006) . The pine bark system described in this study is inefficient in terms of water and fertilizer use and could have negative environmental consequences with regard to water use and nutrient leaching. More work is needed to evaluate different soil management systems for SHB with the goal of increasing water and fertilizer use efficiencies while maintaining good vigor and high fruit production. Fig. 3 . Pine bark bed pulled back to reveal the underlying soil. The vast majority of the root system is confined to the pine bark layer, which is about 15 cm (5.9 inches) deep. Fig. 4 . An excavated blueberry plant removed from a pine bark bed. The root system is shallow and spreading and is primarily restricted to the pine bark layer.
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